HemCon® bandage is an engineered chitosan acetate preparation used as a hemostatic dressing, and its chemical structure suggests that it should also be antimicrobial. We previously showed that when chitosan acetate bandage was applied to full thickness excisional wounds in mice that had been infected with pathogenic bioluminescent bacteria (Pseudomonas aeruginosa, Proteus mirabilis, and Staphylococcus aureus) it was able to rapidly kill the bacteria and save mice from developing fatal infections.
INTRODUCTION
Burns are one of the most common and devastating forms of trauma. Data from the National Center for Injury Prevention and Control in the United States show that approximately 2 million fires are reported each year that result in 1.2 million people with burn injuries (5) . Burn injury produces a locally immunocompromised region rapidly depleted of intrinsic humoral and cellular immune components and is thus particularly susceptible to infection (14) . Despite advances in therapy such as rapid excision and skin grafting, as well as the introduction of new antibiotics and topical antimicrobial preparations, infections remain a leading cause of morbidity and mortality in burn patients (29, 31) . In addition, the relentless worldwide increase in multidrug resistance in pathogenic bacteria has led to the present time being described as ″the end of the antibiotic era″ (17, 34) . Therefore, there is an increasing need to develop novel and effective antimicrobial products that can combat these drug resistant burn pathogens and be applied to potentially contaminated burns.
Chitin is a biopolymer consisting of poly-N-acetyl glucosamine and is widespread in nature as a structural material particularly in marine arthropod shells. The partial deacetylation of chitin by treatment with hot sodium hydroxide forms the more soluble polymer chitosan. Chitosan preparations of various molecular weights, degrees of deacetylation and with further molecular derivatization patterns have attracted much attention because of their potentially beneficial biological properties (22, 45) . These properties include hemostasis (35) , antimicrobial activity (36) , stimulation of healing (2), tissue engineering scaffolds (8), and drug delivery (1) . HemCon® bandage is a compressed chitosan acetate dressing that was developed as a hemostatic agent (21). It is used to stem blood flow, especially flow from severely bleeding wounds (32) and it has
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The polycationic nature of chitosan is such that the substance possesses natural antimicrobial properties (36) and chitosan acetate could simultaneously have two highly desirable properties in a wound dressing: hemostasis and microbicidal activity. We previously demonstrated the antibacterial properties of the chitosan acetate bandage in a mouse model of highly contaminated excisional wounds (4) . We used bacterial strains that were genetically engineered to stably express the lux operon that encodes bacterial luciferase and the enzymes necessary to synthesize the luciferase substrate so the bacteria "glow in the dark" (9). This allows the use of a low-light imaging camera to follow the progress of the infection in real time (7) . Two Gram-negative bacterial species (Pseudomonas aeruginosa and Proteus mirabilis) that are invasive and can lead to development of sepsis and a Gram-positive species (Staphylococcus aureus) that leads to a more chronic localized infection were employed. A follow-up study on wound healing of infected and non-infected wounds showed that chitosan acetate stimulated wound healing optimally when applied to the wound for three days (3) . We now asked whether the chitosan acetate bandage could act as a topical antimicrobial dressing when applied to third degree burns in mice contaminated with fatal doses of two of these invasive bacterial species (P. aeruginosa and P. mirabilis).
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MATERIALS AND METHODS

Animals
Adult female BALB/c mice (Charles River Laboratories, Wilmington, MA), 6-8 week old and weighing 17-21 g, were used in the study. The animals were housed one per cage and maintained on a 12-hour light/dark cycle with access to food and water ad libitum.
All animal procedures were approved by the Subcommittee on Research Animal Care of Massachusetts General Hospital and met the guidelines of National Institutes of Health.
Mice received buprenorphine (0.03 mg/kg SC BID) for three days after burn for pain relief. Mice were euthanized according to protocol when their condition was assessed to be moribund.
Bacterial strains and culture conditions.
The P. aeruginosa strain we employed was ATCC 19660 (strain 180), which causes septicemia after intraperitoneal injection (38) and has been shown to be invasive in mice with skin burns (25) . The P. mirabilis strain we used was ATCC 51393. This strain has been reported to cause burn infections and sepsis in rats that receive scald wounds to 30% of body surface area (27) . The stable bioluminescent variants of these strains carried the entire bacterial lux operon integrated in their chromosomes for stable luciferase expression that allowed them to be used for bioluminescent imaging (strains suspensions in 96-well black-sided plates, by use of a Victor-2 1420 Multilabel Plate Reader (EG&G Wallac).
Ex vivo isolated cultures were obtained as follows. After the blood cultures were taken from the mice for isolation of bacteria, they were streaked on agar plates. The plates were incubated at 37°C until colonies were generated. The plates were then stored at 4°C as a stock culture on an agar plate for a maximum of 1 week. Experimental inocula were made from the stock culture by transferring a single colony to 3 mL BHI solution and then incubating the culture at 37°C for 24 hours. Further blood cultures from dying or dead mice were available to renew the agar plate stirred at 4°C
HemCon® bandage and Acticoat TM -7 dressing
HemCon® bandage was prepared by HemCon Medical Technologies, Inc.
(Portland, OR) by methods fully described by McCarthy et al (26) . Briefly chitosan acetate sponges (74% chitosan, 9% moisture, 17% acetic acid by weight) were prepared by freeze drying dilute aqueous acetic acid solutions of chitosan with a fractional degree of deacetylation of 81±2% and number average molecular weight (GPC with polyethylene oxide standards) 75±10 kDa and polydispersity 5±1 (Primex, Iceland) in a Teflon TM coated aluminum mold (110 mm width × 110 mm length × 20 mm depth) at room temperature. The resultant sponges were compressed, annealed and gammairradiated to yield sterile, dissolution resistant and adhesive dressings. Chitosan acetate bandage pieces used for the experiment were cut from the stock pieces (100 mm × 100 mm × 1.0 mm) with a chitosan sponge density close to 0.2 gcm .
We also employed a clinically approved topical silver releasing bandage 
Burn injury and bacterial Infection
Mice were shaved on the back and depilated with Nair (Carter-Wallace Inc, New Bacterial infection took place as described by Ha et al (15) . Five minutes after the creation of burn (to allow the burn to cool down), a suspension (40 µL) of bacteria in sterile PBS was inoculated onto the surface of each burn with a pipette tip and then was smeared onto the burn surface with an inoculating loop.
to the skin surrounding burns with Dermabond cyanoacrylate adhesive (ETHICON Inc., Piscataway, NJ). Chitosan acetate bandages adhering to the burns were then moistened daily with 100 µL of 50 mM sodium acetate buffer and silver dressings were moistened with 100 µL of Milli-Q water, respectively.
Bioluminescence imaging
The low-light imaging system (Hamamatsu Photonics KK, Bridgewater, NJ) has been described elsewhere in detail (16) . In short, it consists of an intensified CCD camera mounted in a light-tight specimen chamber, fitted with a light-emitting diode, a set-up that allowed for a background gray-scale image of the entire mouse to be captured. In the photon-counting mode, an image of the emitted light from the bacteria was captured using an integration time of 2 min, at a maximum setting on the image- 
Preliminary transmissivity tests of chitosan acetate or silver with respect to bioluminescence
In order to be able to interpret the bioluminescence images obtained of the burns when covered with chitosan acetate or silver dressings, we tested the transmissivities of the dressings with respect to the bioluminescent signal emitted by the bacterial cells. A 2-mL suspension of luminescent P. aeruginosa containing 2×10 9 cells was evenly spread onto
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on October 25, 2017 by guest http://aac.asm.org/ Downloaded from the surface of a 60-mm diameter BHI agar plate and incubated at 37 °C for 24 hours to achieve a strong luminescent signal. Bioluminescence images were obtained before and after the chitosan acetate or silver dressing were each placed on the surface of an agar plate. The transmissivities were determined by the ratio of the bioluminescent value of the agar plate with dressing covered to that without dressing. The transmissivity measurements were performed in triplicate with three different pieces of chitosan or silver dressings. We assumed that transmissivities of the dressing were constant throughout the experiment.
Mouse follow up
During the experiment, mice underwent bioluminescence imaging immediately after adding bacteria, immediately after application of the dressing and at 24 hourly intervals thereafter. Blood samples were withdrawn daily from the orbital plexus and streaked onto BHI agar plates for determining the presence of bacteria in the blood of mice. Mice were also followed daily for weight, wound healing and survival. When mice died, 3 mL sterile saline was injected into the abdominal cavity of mice, and then1 mL withdrawn and cultured on BHI agar plates to determine the presence of bacteria within the peritoneum. Blood samples were also taken from the heart removed from dead mice and streaked on BHI agar plates. Bioluminescent colonies were identified as P. aeruginosa, while non-bioluminescent colonies were identified as E. coli by a commercial identification kit (BBL E/NF Crystal, BD Bioscience) and biochemical characterization:
oxidase-negative and indole-positive. When detecting bacteria in the blood stream, approximately 20 µL blood was taken from each mouse. Therefore, the lower limit of detection of bacteria was >50 CFU/mL-blood (i.e., 1 CFU/20 µL). When detecting bacteria in the peritoneum, approximately 3 mL saline was injected into abdominal cavity
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Statistics
Data points are given as mean +/-standard error of the mean (SEM). Differences among means were analyzed for statistical significance by one-way ANOVA. Survival curves were compared by the Kaplan-Meier log-rank test. p values < 0.05 were considered statistically significant.
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RESULTS
Initial experiments with infected mouse burns
Our initial experiments with P. aeruginosa inoculated into burns on the backs of mice yielded confusing results. We first used a 10-second burn and added 10 7 or 10 8 cells. At first most of the mice died of sepsis, but as time progressed, the mice did not die as frequently and later not at all. At first there was an active local infection in the burn as determined by bioluminescence imaging, but as the experiment progressed, the strength and duration of the bioluminescence signal in the burn decreased. We increased the time of the burn from 10 seconds to 30 to 60 seconds. The rationale for adjusting the burn time is that the bacteria may have faced some difficulty in penetrating or adhering to the surface of the 10-second burn and the creation of more severe damage to the burned skin may enhance the ability of the bacteria to cause a robust infection in the burn that could then progress to sepsis. Fig. 1A-1D shows the Masson
Trichrome stained histological sections of normal mouse skin and skin that has been burned for 10, 30 and 60 seconds. As can be seen 30 and 60-second burns have ″channels″ formed in the dermis that are not present in 10-second burn, and we believe that surface applied bacteria can more easily penetrate these channels thus gaining a foothold in the burn in order to multiply. Some reports in the literature involve injection of bacteria into or beneath the burned tissue rather than application to the surface (6, 19) .
Since the chitosan acetate bandage is a superficial antimicrobial dressing we preferred to use the more natural mode of surface contamination.
As expected P. aeruginosa cells proved to be more virulent and deadly when applied to these longer duration burns that contained channels, with fatalities occurring when 10 8 bacteria were applied. Then we isolated a single colony of bioluminescent P.
aeruginosa from an agar plate onto which blood from one of these mice that died of , on 10 and 60-second burns. For 10 8 and 10 9 CFU on 60-second burns, the survival rate of non-treated mice (n=15) was 0% within 4 weeks and the sepsis rate was 100%. For 10 7 CFU on 10-second burns, the survival rate and sepsis rate were 13.3% and 100%, respectively (n=15). The survival rate of mice with non-infected 60-second burns (n=9) was 100%. The 10 7 CFU and 10-second burn combination was selected as the infected burn model in the study representing fatal infections. 10 7 CFU in 50-µL PBS suspension had an average bioluminescence value of 13860 with a standard error of 2000.
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We conclude that serial passage of P. aeruginosa in vitro had selected for less invasive and virulent phenotypes in a gradual but progressive manner. With periodic (every few weeks) isolation from blood of mice that develop sepsis, the virulence can be maintained and the experiments made much more reproducible.
We also studied burn infections caused by P. mirabilis strain ATCC 51393. Mice that received 10 8 cells on a 10-second burn sometimes died but we found the most reliable rate of developing sepsis were when 10 8 cells were inoculated onto a 30-second burn. In-vivo passage was not used for P. mirabilis as changes in virulence were not observed during the course of our experiments.
P. aeruginosa burn infections treated with chitosan acetate bandage or silver dressing.
Burn infections were induced by inoculations of 10 7 in vivo isolated P. aeruginosa cells onto 10-second burns. In contrast to human third degree burns, mouse third degree
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burns have a dry texture, irrespective of whether they have been contaminated or infected with bacteria. It was therefore necessary to regularly moisten both chitosan acetate and silver bandages to allow the active antimicrobial ingredient to percolate into the burned tissue. In order to not compromise the activity of the nanocrystalline silver by using buffers we used pure water to do this. We had previously shown that pH 4.5 acetate buffer used to moisten chitosan acetate does not alone have an antibacterial effect on P. aeruginosa in the short-term (hours) (4). The chitosan acetate bandage adhered extremely well to the surface of the burn when the piece of bandage had been previously moistened with acetate buffer to render it flexible. The normally flexible silver bandage adhered well when glued to the normal skin with the clinically approved cyanoacrylate skin adhesive Dermabond. The median adhesion time of chitosan acetate bandages was 16 days (range 11-21 d) while the glued silver dressing remained adherent throughout the entire course of the experiment. We used pieces of chitosan acetate bandage (Fig 1G) and silver dressing (Fig 1F) that were significantly bigger (>30 mm × 30 mm) than the burn (≈20 mm × 10 mm, Fig. 1E ) because the bacteria sometime spread laterally into the skin beyond the burned area as observed by bioluminescence imaging. Fig. 2 shows the successive bioluminescence images (at the same bit range of 3)
from day 0 to day 3 post-infection of an untreated burn, a silver dressing-treated burn, and a chitosan acetate bandage-treated burn, respectively. In the untreated burn, the bacteria multiplied approximately 100 fold from day 0 to day 3, while in both the silver dressing and chitosan acetate bandage-treated burns, a decrease in bioluminescence signal was seen at day 1 as the dressing immediately quenched the light. There was a detectable increase in signal from the silver-dressing burn at day 2 and 3 (compared to day 1) that was not seen in the chitosan-acetate burn. The inset showing a silver-treated burn at day 3 was taken after the silver dressing was removed from a dead mouse and
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The transmissivity test (Table 1) showed that only between 1.14 and 1.25% of bioluminescent light was transmitted through the silver dressing, while the transmissivity of chitosan acetate was higher at between 2.9 and 3.3%. The time courses of the mean measured bioluminescence values are shown in Fig. 3A and after correction for optical quenching by the bandage in Fig 3B. The mean bioluminescence value increased over one hundred times in untreated burns, while the increase was only tenfold in silver treated burns. The bioluminescence signal decreased slightly after the first day in chitosan treated burns.
At 4 weeks post-infection, the survival rates of chitosan acetate bandage-treated group (n=15), silver dressing-treated group (n=11) and untreated group (n=15) were 73.3%, 27.3% and 13.3%, respectively (Fig. 3C) . The survival curves were found to be significantly different between chitosan acetate bandage-treated group and untreated group (p<0.0002), and between chitosan acetate bandage-treated group and silver dressing-treated group (p=0.0055). In all the 3 groups of animals, most of the fatalities In all surviving mice, no P. aeruginosa (bioluminescent colonies) was observed at any time point in the blood cultures. In all the mice that died, P. aeruginosa was found in the blood cultures the day before the fatalities occurred. Interestingly, a non-luminescent 
P. mirabilis burn infections treated with chitosan acetate or silver.
Burn infections were induced by inoculation of 10 8 P. mirabilis cells onto 30-second burns. Fig. 4A shows representative bioluminescent images of P. mirabilis infections in an untreated burn, a silver dressing-treated burn and a chitosan acetate bandage-treated burn. In these experiments the bandage pieces used were smaller than For the chitosan acetate bandage-treated group (n=12), silver dressing-treated group (n=8), and untreated group (n=13), the survival rates within 4 weeks post-infection were 66.7%, 62.5 % and 0%, respectively (Fig. 4B ). Most fatalities (16 out of 17) occurred before day 6 post-infection. The survival curves were found to be significantly different between chitosan acetate-treated group and untreated group (p<0.0002), but not between chitosan acetate-treated group and silver-treated group (p=0.93).
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Blood cultures were carried out on all mice that died following P. mirabilis burn infection and confirmed that mice that died had bioluminescent bacteria in their bloodstream. Non-bioluminescent E. coli was found in the blood-stream of both surviving and in dead mice with a comparable frequency (roughly 25%) to the mice with P. aeruginosa burn infection (Table 2) .
DISCUSSION
This study has shown that the chitosan acetate bandage can act as an effective topical antimicrobial dressing for infected/contaminated burns. There have been many
reports of animal models of infected thermal burns being developed in both mice and rats (30, 40, 41) . As previously mentioned, it was necessary to apply the bacteria to the surface of the burn in order to test the effects of antimicrobial dressings. The main determinants of the severity of the burn infection, and whether the rodents develop sepsis and die are as follows: the number of bacteria applied to the burn, the virulence of the particular strain, the size of the burn expressed as % of TBSA, whether the bacteria are applied to the surface or injected into or beneath the burn and the length of time the heated object or liquid is in contact with the skin. The loss of invasiveness and virulence in P. aeruginosa after repeated in vitro culture can be attributed to its extended genotypic and phenotypic variation (11, 42). The use of longer burn times does produce more mechanical damage to the dermis, and this damage may allow less invasive bacteria a better chance to gain a foothold in the tissue.
In P. aeruginosa infections, the mice in the chitosan acetate bandage-treated group demonstrated higher survival compared to both other groups. This implies rapid killing of bacteria in the burns by the chitosan acetate bandage, which prevented the bacteria from proliferating in the burn and subsequently invading the mouse tissue, gaining access to the bloodstream, and causing death from sepsis. Chitosan kills bacteria through cell membrane disruption caused by the electrostatic interaction between cationic NH 3 + groups of chitosan acetate and anionic phospholipid components of cell membranes (23) . In a previous study (4) that looked at application of chitosan acetate bandage to infected excisional wounds we included a non-antimicrobial bandage made of alginate as a control. We found that occlusion of the wound by a dressing that
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In P. mirabilis infections the survival rates were almost equal between the two treatment groups, chitosan acetate and silver dressings, while no treatment gave approximately the same fatality as P. aeruginosa. This difference between the two species of pathogen (in P. aeruginosa infection chitosan acetate was much more effective than silver dressing) probably reflects the fact that P. mirabilis relies on its remarkable motility or swarming ability for its virulence (18, 28) , while P. aeruginosa possesses an array of enzymes such as multiple proteases designed to facilitate tissue invasion and which have been correlated with virulence in many disease models including burn infections (33, 44) . If it is accepted that PDT kills bacteria much faster than does silver, then it could be argued that P. aeruginosa needs to be killed faster in the burn infection to prevent development of sepsis compared to P. mirabilis. There was a recent paper published (20) that compared the in vitro sensitivities of several bacteria (including Proteus and Pseudomonas) to silver dressings (including Acticoat). Both these bacterial species were among the most sensitive of all the species tested.
Therefore we do not believe that the relatively poor performance of the silver dressing was only a reflection of silver sensitivity of the bacterial species tested.
E. coli was observed in the bloodstream of 37% of the P. aeruginosa infected, burned mice, while mice with non-infected burns did not show the presence of E. coli in the bloodstream. We therefore believe that the presence of E. coli in the bloodstream arose by translocation from the large intestine induced by the combination of a third degree burn and superimposed infection causing a deficiency of the gut barrier (10, 12).
Previous studies have also shown that infectious insults combined with thermal burns in small animal models promoted bacterial translocation from the gut (24) . In conclusion, we have demonstrated that the chitosan acetate bandage performs better than the clinically approved nanocrystalline silver bandage when topically applied to third degree burns heavily contaminated with an aggressive and invasive strain of P. aeruginosa. In the case of the virulent but less invasive P. mirabilis, the effectiveness of the two dressings was equal. In combat-casualty care heavy bacterial contamination of serious burns is a distinct possibility. Photographs of representative mice with E) no dressing on burn; F) silver dressing on burn, G) chitosan acetate bandage on burn. 
